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In t roduc t ion  
Explorer 35, i n j e c t e d  i n t o  se l enocen t r i c  o r b i t  on J u l y  22 ,  1967, 
experiences a decrease  i n  i t s  moment of i n e r t i a  as ii passes rhroilgh the 
l una r  shadow. This  i s  apparent ly  due t o  t h e  cool ing  of t h e  spacec ra f t  
and most probably inward con t r ac t ion  of the s o l a r  paddles.  Because angular  
momentum i s  conserved, t h e  s p i n  period decreases  s l i g h t l y  ( a  few p a r t s  per  
thousand) and t h e  psuedo-sun pulse  generated onboard t h e  spacec ra f t  no 
longer  accu ra t e ly  i n d i c a t e s  t h e  sunward d i r e c t i o n .  This r e p o r t  desc r ibes  
an empir ica l  approach t o  so lv ing  the  r e s u l t i n g  s a t e l l i t e  aspec t  problem. 
A v a r i a b l e  s p i n  per iod of the form 
i s  assumed. The measured sp in  per iodsduring t h e  recovery fol lowing a 
shadow passage show good agreement (See Figure 1) with  t h i s  a n a l y t i c  form. 
During the  shadow the  absence of a t r u e  sun pulse  precludes t h e  accu ra t e  
de te rmina t ion  of t h e  s p i n  per iod.  However, t o  t h e  ex ten t  t h a t  t h e  azimuth 
angle  of t h e  magnetic f i e l d  vec tor  i n  t h e  s a t e l l i t e  s p i n  plane remains con- 
s t a n t  throughout t h e  shadow, t h e  magnetic f i e l d  measurements themselves 
g ive  an estimate of  t h e  s a t e l l i t e  aspect. A comparison of t h e  apparent 
r o t a t i o n  of t h e  magnetic f i e l d  with the  apparent r o t a t i o n  ca l cu la t ed  us ing  
t h e  methods t o  be  descr ibed  i s  shown i n  Figure 3 .  This p l o t  and o t h e r s  
l i k e  i t  f o r  subsequent shadow passes a t t e s t  t o  the  accuracy of t h e  calcu-  
l a t i o n s  us ing  a t i m e  dependent spin per iod of t h e  form i n  1 above. 
I n  o rde r  t h a t  t h e  method of ana lys ing  the  spacec ra f t  aspect i n  t h e  
shadow be as c l e a r  as poss ib l e  i t  seems h e l p f u l  t o  present  a b r i e f  des-  
c r i p t i o n  of t h e  p e r t i n e n t  f a c t s  of t he  spacec ra f t  opera t ion  a t  t h i s  po in t .  
The d i r e c t i o n  of t h e  sun r e l a t i v e  t o  t h e  s p a c e c r a f t  coord ina te  system i s  
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measured once every four  te lemet ry  sequences (1 sequence = 81.808 seconds).  
This i s  measured,by count ing t h e  time from a f ixed  r e fe rence  poin t  i n  
t h e  te lemetry sequence t o  t h e  next  "see sun" pu l se  from t h e  onboard sun 
sensor  ( fo r  a d i scuss ion  of t h e  te lemet ry  format and o p t i c a l  aspect 
system see  AIMP (IMP-D) Technical Summary Descr ip t ion ,  1967). This t i m e  
( r e fe r r ed  t o  as the"sun t h e " )  toge the r  w i t h  t h e  t i m e  between consecut ive 
sun pulses  ( the  r a w  s p i n  per iod)  are te lemetered once every four  sequences. 
This enables  one t o  c a l c u l a t e  accu ra t e ly  t h e  azimuthal o r i e n t a t i o n  of 
t h e  spacec ra f t  about t h e  s p i n  a x i s  a t  any t i m e .  
Such an accu ra t e  determinat ion of t h e  spacec ra f t  azimuth r equ i r e s  
t h e  c a l c u l a t i o n  of a r e f ined  s p i n  per iod.  This  i s  done by c a l c u l a t i n g  
t h e  time between success ive  Sun t i m e s  and d iv id ing  by t h e  i n t e g r a l  r ~ ~ m b e r  
of revolu t ions  made by t h e  spacec ra f t .  The number of r evo lu t ions ,  N ,  
i s  ca l cu la t ed  us ing  t h e  r a w  s p i n  per iod.  Thus t h e  r e f ined  s p i n  per iod 
i s  given by 
where C o t  t h e  t i m e  between success ive  sun s i g h t i n g s .  
Cl = "sun time" a t  beginning of i n t e r v a l .  
C2= "sun t i m e "  a t  end of i n t e r v a l .  
N = i n t e g r a l  number of r evo lu t ions  between sun s i g h t i n g s .  
N i n  t u r n  i s  given by 
co + c2 - c1 
N + A =  
S 
(3)  
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where S is  t h e  r a w  s p i n  per iod and A i s  a f r a c t i o n .  The f r a c t i o n  A w i l l  
be  less than  0.5 as long as t h e  time Co corresponds t o  less than  about 
40 sequences. Thus N i s  e a s i l y  found by rounding t h e  quan t i ty  ( N  + A )  
t o  t h e  nea res t  i n t ege r .  
I f  t he  s p i n  per iod  remained constant  through t h e  shadow it would 
be a simple matter t o  accu ra t e ly  determine the  azimuthal o r i e n t a t i o n  
of t h e  spacec ra f t .  
by t h e  end of t h e  shadow a l a rge  e r r o r  (of  t h e  o rde r  of 360') has accum- 
u l a t e d  i n  t h e  s a t e l l i t e  o r i e n t a t i o n  computed from t h e  o p t i c a l  aspec t  
d a t a .  It is t h i s  e r r o r  t h a t  must be cor rec ted .  
Actua l ly  the  spacecraf t  s p i n s  up i n  t h e  shadow, and 
The t i m e  the  spacec ra f t  e n t e r s  t h e  shadow is  measured t o  t h e  neares t  
h a l f  sequence except  every f o u r t h  sequence when it i s  accu ra t e  only t o  
t h e  n e a r e s t  sequence. 
which i n d i c a t e s  whether t he  sun sensor  i s  see ing  t h e  sun o r  not .  
This  information i s  te lemetered i n  a sun f l a g  
Thus t h e  s i t u a t i o n  is as follows: The s p i n  per iod  and sun d i r e c t i o n  
are known accura t e ly  a t  the  time of t h e  las t  sun s i g h t i n g  before  t h e  shadow. 
Then t h e r e  fol low 0 t o  4 sequences of measurements before  t h e  s a t e l l i t e  
e n t e r s  t h e  shadow and t h e  s p i n  period begins  t o  change. 
t h e  shadow the  spacec ra f t  begins t o  s p i n  up and t h e  s p i n  per iod  begins t o  
decrease.  
s u n l i g h t  where upon i t  begins  t o  de-spin aga in  and t h e  s p i n  per iod  begins 
t o  inc rease ,  f i n a l l y  approaching i t s  pre-shadow va lue  A f t e r  leaving the  
shadow t h e r e  w i l l  be 0-4 sequences before  t r u e  s o l a r  aspec t  d a t a  are 
obtained.  The t o t a l  f r a c t i o n a l  change i n  t h e  s p i n  per iod i s  about 0.0015 
Upon e n t r y  i n t o  
Th i s  decrease  cont inues u n t i l  t h e  spacec ra f t  aga in  e n t e r s  t h e  
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(0.15%) over the  period of the  shadow, t y p i c a l l y  40 min. (35 sequences).  
With t h i s  understanding of t h e  problem t h e  a c t u a l  c a l c u l a t i o n  of 
t h e  t h r e e  free parameters i n  1 i s  r e l a t i v e l y  s t r a i g h t f o r w a r d .  I n  ca r ry ing  o u t  
the c a l c u l a t i o n s  t h e  following parameters are used. I n s p e c t i o n  of F igure  
2 i l l u s t r a t e s  t h e i r  s i g n i f i c a n c e .  
A t i  = time between t h e  l a s t  t r u e  sun pulse  and t h e  beginning of 
t h e  shadow 
A ts  = dura t ion  of the  shadow 
A tf = time between shadow end and next  t r u e  sun t i m e  
~i = s p i n  period before  shadow 
-rl = f i r s t  s p i n  per iod  measured a f t e r  shadow 
7 2  = second s p i n  per iod  measured a f t e r  shadow 
Ci = l as t  "sun time" before  shadow 
C = f i r s t  "sun t i m e "  a f t e r  shadow 
S = r a w  s p i n  per iod  
f 
I n  add i t ion  t h e  fo l lowing  parameters w i l l  be used: 
7f = s p i n  period a t  t h e  end of t h e  shadow 
R ( t )  = A c t u a l  number o f  r evo lu t ions  of t h e  s p a c e c r a f t  s i n c e  las t  
t r u e  sun before  shadow (time 0 on Figure  2 )  
Ro = R (t = A t i  + A t s  + A t f )  = T o t a l  number of s p i n s  made between 
t r u e  sun pulses  
No = I n t e g r a l  number of r o t a t i o n s  of s p a c e c r a f t  between t r u e  sun 
p u l s e s .  
Convenient u n i t s  are as fo l lows:  
A t ' s  and 7 ' s  i n  seconds 
C i ,  C f ,  S i n  800 cps c lock  counts  
R ,  Ro , N i n  r e v o l u t i o n s .  
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It  is o f t e n  u s e f u l  t o  express  the  Atis  i n  u n i t s  of sequence length  = 
81.808 seconds and to w i l l  a l s o  be measured i n  u n i t s  of sequence length.  
Analysis  
The problem now becomes one of f i t t i n g  a s p i n  per iod of t h e  form 1 
t o  t h e  s a t e l l i t e  da ta .  There a re  3 f r e e  parameters i n  1 so t h r e e  inde- 
pendent equat ions  are requi red  t o  determine these  parameters.  Two a r e  
obvious: t h e  s p i n  per iod before  and a f t e r  t h e  shadow must be equal  t o  
t h a t  measured. The t h i r d  condi t ion i s  t h a t  t he  in t eg ra t ed  number of  
r evo lu t ions  between t h e  t r u e  sun t i m e s  be  equal  t o  t h a t  achieved by the  
spacec ra f t .  
no t  d i r e c t l y  measured. 
To t h i s  end T f  and Ro must be determined s i n c e  they  are 
F i r s t  T f  may be found by using a l i n e a r  i n t e r p o l a t i o n  from T~ and 
T~ a t  the  end of t h e  shadow. 
ponen t i a l  t o  f i n d  T f ,  bu t  i t  was found t o  be unnecessary,  t h e  l i n e a r  
approximation being of more than adequate accuracy f o r  t he  s h o r t  i n t e r v a l  
involved .) 
Thus 
(Earlier work a l s o  f i t  t hese  d a t a  t o  an ex- 
‘f = ‘1 -( ‘2 - ‘1 (Atf + 2 0 ) .  
A l i t t l e  thought w i l l  r evea l  t h a t  Ro is given by 
Cf - c i  Ro = No - 
S 
where No is  t o  be determined. It may be found by i n t e g r a t i o n  i f  t h e  s p i n  
per iod  as a func t ion  of t i m e  i s  known. I n  t h i s  work the  sp in  per iod i s  
assumed t o  be given by 
T i  9 t f; A t i  
7 ( t )  = a+be-C(t - A t i ) l t O I , A t i  < t 5 L1 ( 4  1 
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where L1 = A t i  + A t s  and L2 = L1 + A t f .  
Now KO may be obtained from: 
Since i n i t i a l l y  the  va lues  of a ,  b ,  and to are unknown we s t i l l  do 
not  know Ro. 
only t o  know Ro t o  b e t t e r  than - + 0.5 r evo lu t ions .  
fol lowing approximate va lues  of a ,  b and to give Ro t o  2 0.1  r evo lu t ions .  
However, the  present  goal i s  t o  o b t a i n  No so i t  is  s u f f i c i e n t  
It i s  found t h a t  the  
a x T f  - .0001 seconds 
b = ~ i - a  
M (Ti - T ~ )  + .0001 seconds 
to = 24 sequences x 1963 seconds 
Thus by rounding Ro t o  the  nea res t  i n t e g e r  No i s  determined. 
i s  exac t  i f  t he  e s t ima te  o f  Ro was wi th in  - + .5 r evo lu t ions  and then 3 
may be used t o  determine R, accu ra t e ly .  
v e r i f i e d  s i n c e  an e r r o r  shows up i n  the  magnetic f i e l d  d a t a  as a n  apparent  
r o t a t i o n  of one o r  more complete revolu t ions . )  With the  information der ived  
above i t  is  a r e l a t i v e l y  s t r a igh t fo rward  ma t t e r  t o  s e t  up t h e  t h r e e  con- 
d i t i o n s  which determine the  t h r e e  unknown parameters i n  1, a ,  b and to. 
This 
(The accuracy of No i s  e a s i l y  
The f i r s t  two equat ions  a r e  obta ined  by r e q u i r i n g  t h a t  t h e  s p i n  
per iod  be continuous a t  the  beginning and end of  t he  shadow. 
s a t e l l i t e  e n t e r s  t h e  shadow t = A t i  and 7 = T i  so t h a t  
When the  
a + b = T i  (6)  
C 
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A t  t h e  end of t he  shadow t = L1 and T = T f -  Thus 
The t h i r d  and f i n a l  condi t ion  is  set  by r equ i r ing  t h a t  t he  pred ic ted  
number of r evo lu t ions  between the  l a s t  r e a l  sun pu l se  before  the  shadow 
and t h e  f i r s t  real  sun pu l se  a f t e r  the  shadow is  equal  t o  t h e  a c t u a l  
number of r evo lu t ions ,  R,. S ince some of t h e  t e r m s  
i n  5 involve only t h e  known parameters ( i - e . ,  do not involve a,  b ,  o r  to) 
i t  is  use fu l  t o  d e f i n e  another quan t i ty ,  Rs ,  t h e  number of r evo lu t ions  
t h e  spacec ra f t  makes during the  ac tua l  shadow. 
This  expressed by 5. 
Then t h e  t h i r d  condi t ion  may be r ewr i t t en  a s :  
Since the  change i n  the  s p i n  per iod during the  shadow i s  observed 
t o  be only about one one-thousandth of t h e  s p i n  per iod i t  i s  e a s i l y  seen 
t h a t  a -  .001 << 1. 
a r i thmic  term i n  8 i n  powers of  a. 
b Thus i t  s i m p l i f i e s  t h e  problem t o  expand the  log-  
This r e s u l t s  i n  
b 
, 
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where only terms up t o  the  f i r s t  power of b/a  have been r e t a i n e d .  
The next  s t e p  is  t o  solve 6 ,  7 and 8b  s imultaneously f o r  a ,  b and 
to. From 8 b ,  
From 7 ,  
and from 6 ,  
S u b s t i t u t i o n  of these l a s t  two expressions i n  10 y i e l d s :  
Upon rearrangement t h i s  can be w r i t t e n  
From 6 and 7 it is  seen t h a t :  
so t h a t  
o r  
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S u b s t i t u t i o n  of t h i s  i n t o  10 y i e l d s  
It i s  poss ib l e  t o  f i n d  an approximate s o l u t i o n  t o  1 2  f o r  a by u s e  
of Newtons method [see, f o r  example, Frankl in  pages 26-28]. This i s  an 
i t e r a t i v e  method f o r  f ind ing  the  roo t s  of  an  equat ion  of t he  form f(X) = 0. 
I n  essence ,  an i n i t i a l  estimate of the r o o t  Xo i s  used t o  f i n d  an improved 
estimate X1 from the  equat ion 
Thus i n  the  present  problem one can wr i t e  
Tf 2 T i  - a Rs 
At,  In  (Ti -a )  
f ( a )  = 0 where f ( a )  = - - a + 
Tf-a 
Then 
Once a has  been determined t h i s  
t o  determine b and 11 t o  o b t a i n  to. 
1 
(7i-a) (7f -a )  
way i t  i s  a simple ma t t e r  t o  use  6 
Now an  i n t e g r a t i o n  of 1 y i e l d s  the  a c t u a l  number of r o t a t i o n s  of 
t h e  sa te l l i t e ,  i . e . ,  
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I t-L1 
where R1 = A t i / T i  
and 
App 1 i c a  t ion 
An a p p l i c a t i o n  of t h e  method descr ibed  above t o  t h e  pass shown i n  
F igure  2 i s  u s e f u l  f o r  i l l u s t r a t i v e  purposes.  The inpu t  parameters are 
as follows: 
T~ = 2.2935 seconds 
T f  = 2.2909 seconds 
A t s  = 30.5 sequences 
Rs = 1088.675 r e v o l u t i o n s  
The r e s u l t i n g  va lues  f o r  a ,  b and to a r e :  
a = 2.2898 seconds 
b = .003641 seconds 
to = 23.96 sequences 
With t h e  a d d i t i o n a l  information t h a t  
71 = 2.29125 
72 = 2.29151 
A t i  = 1.5 
A t ,  = 4 . 0  
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and a knowledge of the  s p i n  period a c t u a l l y  used by the  spacec ra f t ,  the  
c o r r e c t i o n  angles  can be ca lcu la ted  as fol lows.  If 
where ru is the  s p i n  per iod used i n  the  i n i t i a l  a n a l y s i s ,  then the  
ang le  between t h e  apparent  sun d i r e c t i o n  ( represented  by the  psuedo-sun 
pu l se )  and the  t r u e  sun d i r e c t i o n  is given by 
J r ( t )=[R( t )  - Ru ( t ) ]  r o t a t i o n s  
= 360 [R(t) - G(t)]  degrees  
The c o r r e c t i o n  angles  f o r  the pass  shown i n  Figure 2 a r e  l i s t e d  
i n  Table 1. If it i s  assumed t h a t  t he  magnetic f i e l d  remained cons tan t  
i n  d i r e c t i o n  dur ing  t h i s  shadow p a s s ,  then  t h e  apparent  d i r e c t i o n  would 
have r o t a t e d  through the  angle  $ ( t ) .  
F igure  3 w a s  p l o t t e d .  The s o l i d  curve shows t h e  azimuthal angle  of the 
i n t e r p l a n e t a r y  magnetic f i e l d  obtained using t h e  psuedo-sun pulse  f o r  
o r i e n t a t i o n .  The do t t ed  curve shows t h e  r e l a t i v e  change + ( t ) .  
It i s  on t h i s  assumption t h a t  
I n  conclusion then  i t  may b e  s a i d  t h a t  t he  a n a l y s i s  presented here  
i s  an e f f e c t i v e  method f o r  co r rec t ing  the  azimuthal o r i e n t a t i o n  of t he  
Explorer  35 spacec ra f t  dur ing  i t s  passes  behind the  moon where i t  can 
no longer use the  sun as a re ference .  The accuracy of the  method i s  
es t imated  t o  be 5 5O t o  loo,  but can only be checked empi r i ca l ly  i f  i t  
i s  assumed t h a t  t h e  magnetic f i e l d  does no t  change d i r e c t i o n .  The l a r g e s t  
e r r o r  would occur s o m e t i m e  during the  shadow, s i n c e  a t  t h e  beginning and 
a t  the  end the  o r i e n t a t i o n  has  been f i t t e d  t o  t h e  t r u e  d i r e c t i o n  obta ined  
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Figure  Captions 
F igu re  1 A p l o t  of 7-a versus  t i m e  ( s o l i d  l i n e )  f o r  t h e  recovery o t  t h e  
spacec ra f t  fol lowing t h e  f irst  shadow p a s s  f o r  which complete 
d a t a  w e r e  received.  Compared wi th  t h i s  i s  t h e  approximation 
der ived  from equat ion 1 (dashed l i n e ) .  
A p l o t  of  s p i n  per iod versus  t i m e  f o r  t h e  same shadow p a s s  a s  
i n  F igure  1. The times and s p i n  per iods ind ica t ed  a r e  d iscussed  
i n  t h e  t e x t .  The s o l i d  par t  of t h e  curve is  der ived  from measured 
sp in  per iods  while  t h e  dashed po r t ion  i n  t h e  shadow i s  t h e  approx- 
imation of equat ion 1 w i t h  appropr i a t e  va lues  of t he  cons t an t s  
a,  b and to s u b s t i t u t e d .  
Change of apparent azimuth of magnetic f i e l d  observed ( s o l i d  
l i n e )  dur ing  same shadow pass as Figure  1. Compared i s  t h e  
p red ic t ed  change (dashed l i n e )  ca l cu la t ed  by assuming t h a t  t h e  
magnetic f i e l d  d id  not  change i t s  d i r e c t i o n .  
F igure  2 
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